The human AP-endonuclease (APE1/Ref-1), a multifunctional protein central to repairing abasic sites and single-strand breaks in DNA, also plays a role in transcriptional regulation. Besides activating some transcription factors, APE1 is directly involved in Ca 2+ -dependent downregulation of parathyroid hormone (PTH) expression by binding to negative calcium response elements (nCaREs) present in the PTH promoter. Here we show that APE1 is acetylated both in vivo and in vitro by the transcriptional co-activator p300 which is activated by Ca 2+ . Acetylation at Lys6 or Lys7 enhances binding of APE1 to nCaRE. APE1 stably interacts with class I histone deacetylases (HDACs) in vivo. An increase in extracellular calcium enhances the level of acetylated APE1 which acts as a repressor for the PTH promoter. Moreover, chromatin immunoprecipitation (ChIP) assay revealed that acetylation of APE1 enhanced binding of the APE1± HDACs complex to the PTH promoter. These results indicate that acetylation of APE1 plays an important role in this key repair protein's action in transcriptional regulation.
Introduction
Repair of abasic (AP) sites in DNA, generated either spontaneously by oxygen free radicals or after excision of abnormal bases by monofunctional DNA glycosylases during the DNA base excision repair (BER) process, is initiated by AP-endonucleases (APE) (Mitra et al., 1997; Evans et al., 2000) . The major human APE, APE1, plays a central role in BER (Demple and Harrison, 1994) , and also functions as a redox activator of AP-1 DNA binding activity, and was named Ref-1 (Xanthoudakis et al., 1992) . In vitro studies showed that APE1/Ref-1 reductively activates c-Jun (Walker et al., 1993) , and was subsequently shown to activate p53 and several other transacting factors similarly (Jayaraman et al., 1997) .
A third and distinct function of APE1 was discovered independently as a trans-acting factor involved in Ca 2+ -dependent repression of the parathyroid hormone (PTH) gene (Okazaki et al., 1994) . PTH regulates the extracellular Ca 2+ [Ca 2+ e ] level via a negative feedback loop (Okazaki et al., 1992 ). An increase in [Ca 2+ e ] due to the elevated PTH level triggers downregulation of the PTH gene, which is expressed exclusively in parathyroid cells (Yamamoto et al., 1989) . This regulation is mediated by interaction between a negative calcium response element (nCaRE), present in the PTH promoter, and its cognate trans-acting factors (Okazaki et al., 1994) . APE1/Ref-1 was found to be a component of protein complexes that bind to nCaRE-A and nCaRE-B (Okazaki et al., 1994) . Interestingly, we identi®ed one nCaRE-A and two nCaREBs in the promoter of the APE1 gene itself, among which the proximal nCaRE-B was found to downregulate APE1 expression, and APE1 was identi®ed in the complex bound to it . Similar involvement of APE1 was observed recently in Ca 2+ -dependent downregulation of the human renin gene (Fuchs et al., 2003) . The inability of recombinant APE1 alone to bind to nCaRE-A or nCaRE-B in the PTH gene promoter indicated a requirement for additional factors in the complexes (Chung et al., 1996; Kuninger et al., 2002) . The Ku70 (Ku86) proteins were identi®ed in the complex bound to nCaRE-A (Chung et al., 1996) . We recently have identi®ed APE1 and heterogeneous nuclear ribonucleoprotein L (hnRNP-L) as the major components of the complex bound to nCaRE-B (Kuninger et al., 2002) .
A number of recent studies have underscored the key role of CREB-binding protein (CBP) and its homolog p300 in transcriptional regulation by integrating diverse signaling pathways. These proteins function as coactivators for many sequence-speci®c transcription factors (TFs), e.g. AP-1, p53 and nuclear receptors (Chrivia et al., 1993; Eckner et al., 1994; Goodman and Smolik, 2000) . CBP/p300 by themselves do not bind to DNA. However, when brought to DNA by binding to TFs, CBP/ p300 are believed to activate transcription via chromatin remodeling by acetylating histones of the nucleosomes with their intrinsic histone acetyltransferase (HAT) activity, and interaction with components of the basal transcription machinery (Bannister and Kouzarides, 1996; Ogryzko et al., 1996) . CBP/p300 and their associated factor (P/CAF) acetylate not only histones but also many TFs, and are thus also named FAT (factor acetyltransferase; Sterner and Berger, 2000) . Acetylation of p53, the ®rst transcription factor shown to be acetylated by p300, enhances its cis element binding (Gu and Roeder, 1997) . Similar acetylation and the resulting increase in af®nity for cognate cis elements were observed subsequently for GATA-1 and E2F (Boyes et al., 1998; Martinez-Balbas et al., 2000) .
Histone deacetylases (HDACs) reverse HAT action by deacetylating histones, leading to recondensation of the unfolded chromatin, which causes inhibition of transcription (Laherty et al., 1997; Luo et al., 1998) . Many transcriptional repressors, e.g. pRb, NcoR and mSin3A, interact with and recruit HDACs to promoter sequences (Laherty et al., 1997; Luo et al., 1998) . Complementary to the FAT activity of p300/CBP, HDACs deacetylate acetylated TFs. The activity of many transcription factors is thus regulated via acetylation by p300 and deacetylation by HDAC. Acetylation of TFs could modulate transcription both positively and negatively (Vo and Goodman, 2001) . For example, acetylation of the central region of YY1 is required for its full repressor activity, and targets it for active deacetylation by HDACs whose af®nity for YY1 is enhanced by its acetylation (Yao et al., 2001) .
Many DNA repair and replication proteins, including FEN1 and G´T-speci®c thymine-DNA glycosylase (TDG), are acetylated by p300/CBP (Hasan et al., 2001; Tini et al., 2002) , but the role of acetylation in DNA repair and other DNA transactions remains to be elucidated.
In this report, we show that the human APE1 is acetylated by p300 both in vivo and in vitro. Acetylation markedly enhances APE1's af®nity for nCaRE-B, leading to downregulation of the PTH gene. Ca 2+ -dependent activation of p300 increases the level of acetylated APE1 (AcAPE1), and enhances binding to nCaRE-B in the PTH promoter in vivo, while repression of the PTH gene is mediated by HDAC which binds APE1. These results suggest acetylation of APE1 as a novel regulatory modi®cation for its transcriptional functions.
Results
In vivo and in vitro acetylation of APE1 by p300 APE1 was identi®ed as a trans-acting factor because of its presence in the nCaRE-bound protein complexes which mediate Ca 2+ -dependent repression of the PTH gene (Okazaki et al., 1994) . Because recombinant APE1 does not bind to nCaREs by itself, we suspected that its binding is dependent on other factors. Furthermore, our serendipitous discovery of two distinct species of APE1 after twodimensional gel analysis of similar size but with different pI, one of which was identical to the recombinant enzyme ( Figure 1A , panel II), suggested the presence of modi®ed APE1 species in the nuclear extract of HeLa cells. This raised the possibility that the modi®ed species is involved in the nCaRE complexes. Because of the small difference in the pIs of the two forms ( Figure 1A ), we suspected that the modi®ed species was acetylated. To test for such acetylation, HCT116 cells were transfected with either empty vector or expression vector for FLAG-tagged APE1, and pulse-labeled with [ 3 H]Na-acetate. Immunoprecipitation of the total extract with FLAG antibody, followed by SDS±PAGE and¯uorography, showed the presence of radioactivity in the FLAG-APE1 band ( Figure 1B, lane 2) . This provided the ®rst evidence for in vivo acetylation of APE1. To con®rm further the presence of AcAPE1, the cell extract was immunoprecipitated with acetyl-lysine (AcLys) antibody. The presence of APE1 in this immunoprecipitate ( Figure 1C , lane 2), but not in one with pre-immune sera (lane 1), indicated that a fraction of cellular APE1 is present in acetylated form.
Because transcriptional co-activators p300/CBP are the major contributors of protein acetylation, we tested whether p300 is involved in in vivo acetylation of APE1. HCT116 cells were co-transfected with expression plasmids for FLAG-tagged APE1 and p300. Western analysis with AcLys antibody showed a signi®cant increase in the level of AcAPE1 ( Figure 1D , panel I, lane 4). Comparison of the western blot with FLAG-speci®c antibody and Coomassie blue staining of duplicate immunoprecipitates showed similar amounts of APE1 in different samples ( Figure 1D , panels II and III). We therefore concluded that p300 contributes signi®cantly to in vivo acetylation of APE1.
We then examined in vitro acetylation of APE1 by incubating the p300 immunoprecipitate from extracts of HCT116 cells transfected with the p300 expression plasmid, together with recombinant APE1 in the presence of [ 3 H]acetyl-CoA. Radiolabeling of APE1 indicated that it was acetylated by the p300 immunoprecipitate but not by a control immunoprecipitate (Figure 2A, lanes 1 and 2) . A parallel experiment with the same amount of the APE1 mutant lacking 40 N-terminal amino acid residues (ND40) showed no acetylation of APE1 ( Figure 2A, lane 3) , suggesting that the acetyl-acceptor lysine residues are localized within the 40 N-terminal residues. These initial results were con®rmed by acetylation studies of APE1 with the recombinant HAT domain of p300 (Chakravarti et al., 1999) . Again, full-length APE1, but not the ND40 mutant, was acetylated by puri®ed HAT ( Figure 2B ).
Identi®cation of acetyl-acceptor lysine residues in APE1 To identify the acetyl-acceptor lysine residues localized in the N-terminal domain of APE1, two peptides were chemically synthesized, corresponding to residues 1±20 (N1) and 11±40 (N11) of APE1, and used as substrates for the HAT immunoprecipitate. Figure 3A shows that while both peptides contained multiple lysine residues, only the N1 peptide was acetylated when similar amounts of the peptides were used (data not shown). Mass spectrometric analysis con®rmed the presence of one monoacetylated species with an increase of 42 mass units ( Figure 3B ). N-terminal sequencing of the peptide indicated that Lys6 and Lys7 were preferentially acetylated (data not shown), although a very low level of acetylation was also observed at Lys3. We then con®rmed Lys6 and Lys7 residues as acetylation sites in the full-length APE1 ( Figure 3C ). These results were con®rmed further by the lack of signi®cant acetylation with K6R/K7R or K6L/K7L double mutants of APE1 using equal amounts of these proteins ( Figure 3D ). Thus APE1 is monoacetylated primarily at Lys6 or Lys7, but not both.
Impact of acetylation on APE1's trans-acting activity
Because no difference was observed in the AP-endonuclease activity of acetylated and unmodi®ed APE1 (data not shown), we tested its involvement in the transcriptional regulation of PTH. Following identi®cation of APE1 in the protein complexes bound to nCaREs in the PTH promoter (Okazaki et al., 1994) , we showed that APE1 and hnRNP-L are the major proteins in a stable complex bound to nCaRE-B (Kuninger et al., 2002) . The lack of binding of recombinant APE1 to nCaRE oligos raised the possibility that acetylation of APE1 enhances its af®nity for nCaREs, which we then tested with AcAPE1. APE1 was incubated with the recombinant HAT domain of p300 and acetyl-CoA, followed by puri®cation of AcAPE1 by FPLC. We con®rmed the identity of AcAPE1 by Edman degradation and immunoblotting with AcLys antibody (data not shown). EMSA showed that AcAPE1 did not bind to nCaRE-B by itself (data not shown).
The earlier observation that APE1 is present in the nCaRE-B-bound complex raised the possibility that APE1 has af®nity not for nCaRE-B itself but for the proteins bound to it, which is enhanced by its acetylation. We tested this possibility by adding AcAPE1 to the HeLa nuclear extract in EMSA with nCaRE-B. It is evident that AcAPE1 stimulated the nCaRE-B binding activity more strongly than did the unacetylated, recombinant enzyme at the same concentration ( Figure 4A ). Interestingly, the dose±re-sponse was non-linear for both AcAPE1 and APE1, suggesting involvement of multiple molecules of APE1 in the binding complex. In any event, our results clearly show that APE1 is limiting in the formation of the nCaRE-B complex, for which AcAPE1 is preferred over APE1.
To determine whether these in vitro observations have in vivo relevance, we examined the effects of p300 overexpression on the nCaRE-B binding activity in HCT116 cells. Strong enhancement of binding with the HCT116 extract was observed after ectopic expression of p300 alone or together with APE1 ( Figure 4B , lanes 5 and 7). That this was a direct effect of APE1 acetylation was indicated by the observation that the binding was not signi®cantly enhanced when p300 was overexpressed together with the non-acetylable APE1 K6R/K7R mutant or barely affected in cells expressing a mutant p300 lacking the HAT domain ( Figure 4C , lane 3, and B, lane 6). Moreover, the observation that comparable overexpression of wild-type APE1 alone but not of the K6R/ K7R mutant enhanced nCaRE-B binding ( Figure 4B , lane 4, and D) supports our conclusion that the stimulation of binding was primarily due to acetylation of APE1.
Effect of APE1 acetylation on nCaRE-B-dependent transcription
Because the PTH gene is downregulated in response to an increase in [Ca 2+ e ] , an effect mediated by nCaRE-A and nCaRE-B, we examined modulation of PTH promoter activity due to APE1 acetylation. The PTH promoter is exclusively active in parathyroid cells which, unfortunately, are not available as cell lines. We therefore used the Ca 2+ -responsive baby hamster kidney cell line in which Ca 2+ -dependent downregulation of PTH promoter activity was observed earlier (Okazaki et al., 1994) . BHK-21 cells were transfected with a luciferase reporter fused to a 4.5 kb promoter region of the PTH gene containing both nCaRE-A and nCaRE-B. Addition of 2 mM Ca 2+ to the medium reduced the basal luciferase expression by 2-to 3-fold ( Figure 5A ). Ectopic expression of both wild-type and K6R/K7R mutant APE1 enhanced luciferase expression by 4-to 5-fold in Ca 2+ -free medium. However, Ca 2+ abolished the enhancement due to overexpression of the wild-type APE1 but not of the nonacetylable mutant. Thus repression of transcription in the presence of Ca 2+ appears to be speci®cally due to acetylation of APE1. Moreover, overexpression of p300 reduced luciferase expression by~2.5-fold in the presence of Ca 2+ . This again appears to be the direct effect of acetylation by p300, because co-expression of wild-type APE1, but not the K6R/K7R mutant, and p300 reduced PTH promoter activity by 3-fold in the presence of Ca 2+ , while co-expression of wild-type APE1 and p300 HAT mutant (p300 HM) did not ( Figure 5A ). Western blot analysis using APE1 antibody showed that overexpression of p300 or p300 HAT mutant did not change the APE1 level in the transfected cells ( Figure 5A , lower panel).
To assess the role of p300 in Ca 2+ -induced repression of the PTH promoter, the cellular p300 level was reduced in the presence of p300 small interfering RNA (siRNA) oligo. A strong reduction in the p300 level was observed in BHK-21 cells at 48 h after transfection with duplex p300-speci®c RNA oligo ( Figure 5C , upper panel) without any change in the APE1 level ( Figure 5C , lower panel). As a control, an RNA oligo of random sequence was used. The residual p300 expression present in these cells could be due to non-quantitative transfection of these cells.
We then determined the effect of p300 silencing on Ca 2+ -mediated repression of the PTH promoter by cotransfecting BHK-21 cells with the PTH promoter reporter and p300 siRNA. Addition of 2 mM Ca 2+ to the culture medium reduced basal luciferase expression by~1.5-fold ( Figure 5D ) compared with a 2-to 3-fold decrease in the control cells ( Figure 5A ). In contrast, ectopic expression of wild-type APE1 enhanced luciferase expression by 3-to 4-fold in the Ca 2+ -free medium. However, addition of Ca 2+ to the culture medium reduced luciferase expression by 1.3-fold ( Figure 5D ) compared with a 3-to 4-fold reduction in the control cells ( Figure 5A ). These results show that the silencing of p300 partially blocked Ca 2+ -mediated repression of the PTH promoter.
The unexpected enhancement of PTH promoter activity due to ectopic overexpression of APE1 raised the possibility that unknown cis elements, in addition to Ca 2+ -responsive nCaREs, are present in the 4.5 kb promoter fragment and activated by APE1. We therefore decided to examine the speci®c repressing function of nCaRE by placing the PTH nCaRE-B upstream of the SV40 promoter in a luciferase expression plasmid. Inclusion of nCaRE-B caused an~2.5-fold decrease in promoter activity in the presence of Ca 2+ relative to the control ( Figure 5E ). Additionally, overexpression of wild-type APE1 further reduced luciferase expression while ectopic expression of the K6R/K7R mutant had no effect. Expression of neither wild-type nor mutant APE1 affected the control SV40 promoter activity, indicating that Ca 2+ -dependent repression is mediated by AcAPE1 due to its binding to nCaRE-B. We have observed, consistent with an earlier report (Espinos et al., 1999) , that overexpression of p300, together with APE1, activated control SV40 promoter by 3-to 3.5-fold. However, such enhancement was absent when the promoter was linked to nCaRE-B ( Figure 5E ). In any event, these results further strengthen our conclusion that AcAPE1 functions as a repressor by binding to nCaRE-B.
Effect of [Ca 2+ e ] on acetylation of APE1 and HAT activity of p300
The results presented so far suggest that Ca 2+ -dependent repression of the PTH promoter is caused by enhanced acetylation of APE1. We therefore tested whether p300, the major enzyme responsible for acetylating APE1, is activated by Ca 2+ . BHK-21 cells were transfected with FLAG-tagged APE1 and, after incubation for 36 h in Ca 2+ -free medium followed by 4 h incubation in the presence of 2 mM Ca 2+ , FLAG-tagged APE1 was immunoprecipitated from the cell extract using FLAG antibody. Western analysis with AcLys antibody showed an~2-to 3-fold increase in the level of AcAPE1 compared with the control in which the cells were incubated in Ca 2+ -free medium ( Figure 6A ). However, the total APE1 level remained unchanged after Ca 2+ treatment ( Figure 6A, bottom panel) .
We then tested whether the increase in the level of AcAPE1 is due to Ca 2+ -induced activation of p300. In vitro assays with histone substrate and p300 immunoprecipates from the extracts of BHK-21 cells, treated with 2 mM Ca 2+ , showed that the p300 HAT activity was increased by~2.5-to 3-fold after 2 h of Ca 2+ treatment, and that the activity gradually decreased after 6 h ( Figure 6B ). Coomassie staining con®rmed equal loading of the histone substrate for various time points ( Figure 6B , lower panel). At the same time, western analysis showed no change in the level of the p300 polypeptide ( Figure 6C ). Thus Ca 2+ -dependent activation of p300, which appears to be responsible for increasing the level of AcAPE1, is due to post-translational modi®cation.
Repressor activity of APE1 due to HDAC binding Trichostatin A (TSA), a speci®c inhibitor of HDAC, enhances the acetylation level of many proteins (Yoshida et al., 1990). Interestingly, we found a moderate effect of TSA on the acetylation level of APE1 as determined by immunoprecipitation of FLAG-tagged APE1 followed by immunoblotting with AcLys antibody ( Figure 5B ). However, treatment with TSA enhanced PTH promoterdependent luciferase expression by 2-fold in Ca 2+ -free medium, and 5-to 6-fold in the presence of Ca 2+ , suggesting that Ca 2+ -dependent repression of the PTH gene is mediated by recruitment of HDACs ( Figure 5A ). Because HDACs have been shown to function directly as components of repressor complexes for various genes, we tested whether one or more HDACs is involved in downregulating the PTH gene by interacting with APE1. After co-transfecting HCT116 cells with expression plasmids of APE1, and FLAG-tagged HDACs 1±6, one at a time, we immunoprecipitated HDACs with FLAG Fig. 5 . Repression of the PTH gene by AcAPE1. (A) BHK-21 cells were co-transfected with a PTH-luciferase reporter plasmid (1 mg) and 1 mg of expression plasmid for APE1 (wild-type or K6R/K7R mutant), p300 (wild-type or a HAT mutant) or equivalent amounts of empty vector. At 8 h after transfection, the cells were incubated in fresh medium containing no or 2 mM Ca 2+ for 36 h. Luciferase activity was normalized with co-expressed b-galactosidase. The basal promoter activity of PTH-luc reporter in the presence of empty expression vector was normalized to 10. The bar graph shows the average of three independent experiments performed in duplicate. Cells were treated with TSA (100 ng/ml) in two sets. Western analysis for the APE1 level (lower panel) in the transfected cell extracts used in (A). (B) HCT116 cells transfected with FLAG-APE1 were incubated in medium containing 100 ng/ml TSA (lane 2) for 8 h. Immunoprecipitate of extracts with FLAG antibody were analyzed by western blotting using AcLys antibody. (C) BHK-21 cells were transfected with 5 nM (lane 2) and 10 nM (lane 3) p300 duplex siRNA oligo, and cell extracts were analyzed by western blotting using p300 (upper panel) and APE1 antibody (lower panel). (D) BHK-21 cells were co-transfected with a PTH-luciferase reporter plasmid (1 mg) and 10 nM p300 siRNA oligo along with either 1 mg of APE1 expression plasmid or an equivalent amount of empty expression vector. Luciferase activity was measured as described in (A). (E) BHK-21 cells were co-transfected with SV40-luciferase reporter plasmid (1 mg) containing PTH nCaRE-B upstream of the promoter, and 1 mg of the indicated expression plasmid for wild-type APE1 or K6R/K7R mutant, or p300 or equivalent amounts of empty vector. Luciferase activity was assayed after incubating cells in the presence of Ca 2+ as described before.
antibody. The levels of ectopic expression of HDACs and APE1 were signi®cant in all independently transfected cells ( Figure 7A , panels II and III). Western analysis showed the presence of APE1 in the immunoprecipitates of only class I HDACs (HDACs 1±3) but not of class II HDACs (HDACs 4±6; Figure 7A , panel I) (Gray and Ekstrom, 2001 ). We therefore conclude that APE1 forms stable complexes only with class I HDACs.
Because APE1 interacts with class I HDACs and acetylation of APE1 represses the PTH promoter, it was important to establish whether it is the acetylated APE1 which recruits HDACs to nCaREs. We tested the requirement of APE1 acetylation for its in vivo interaction with HDACs by co-transfecting cells with expression plasmids for wild-type APE1, K6R/K7R or ND40 mutants of APE1, and FLAG-tagged HDAC1. Western analysis of the HDAC1 immunoprecipitates showed that wild-type APE1, as well as non-acetylable K6R/K7R and ND40 mutants form similar stable complexes with HDAC1 ( Figure 7B ). Western analysis con®rmed comparable levels of ectopic expression of HDAC1 and APE1 in independently transfected cells ( Figure 7B , panels II and III). These results thus indicate that acetylation of APE1 is not required for its interaction with HDAC1. We could not directly measure the level of AcAPE1 in the HDAC1 immunoprecipitate, because its amount in the complex was too small to quantitate with low af®nity AcLys antibody (data not shown).
In order to demonstrate the presence of APE1 and HDAC1 in the nCaRE-B complex and acetylation-mediated enhancement of promoter occupancy, we utilized the chromatin immunoprecipitation (ChIP) assay. In the absence of an established parathyroid cell line, we used BHK-21 cells for analyzing such complexes. The cells were co-transfected with PTH plasmid and FLAG-tagged APE1 or FLAG-tagged APE1 plus p300 or FLAG-tagged HDAC1 (FLAG expression plasmids were used for better immunoprecipitation). After incubation for 24 h in Ca 2+ -free medium followed by 4 h incubation in the presence of 2 mM Ca 2+ , or 8 h in the presence of 100 ng/ml TSA, ChIP analysis was carried out with FLAG antibody as described in Materials and methods. The amount of immunoprecipitated PTH promoter sequence in each sample was quantitated by real-time PCR analysis. Figure 8A shows that the PTH promoter sequence was signi®cantly enriched in the immunocomplex from APE1-FLAG-(12-fold) or HDAC1-FLAG-(9-fold) transfected cells compared with that from the control cells transfected with the empty vector ( Figure 8A ). Appropriate controls used in these experiments further validated our results. Thus, little or no PTH promoter sequence was detected by the PCR assay in the empty vector-transfected cells ( Figure 8A ). Furthermore, as expected, no PCR product was observed when the formaldehyde cross-linking step was omitted (data not shown). Importantly, overexpression of p300 enhanced the promoter occupancy by 4-fold. Treatment with Ca 2+ caused a signi®cant increase (3.5-fold) in the amount of the PTH promoter sequence ( Figure 8A ) in the immunocomplex, while TSA treatment moderately (2.5-fold) increased the promoter binding. However, TSA signi®cantly enhanced promoter occupancy (5-fold) of APE1 in the PTH promoter in p300-overexpressing cells. Quantitation of the level of AcAPE1 ( Figure 8B ) in the cells used in ChIP assays further con®rmed that acetylation of APE1 enhanced the promoter occupancy in the PTH promoter. These results suggest that APE1 or HDAC1 are normally associated with nCaRE-B in the PTH promoter, and that acetylation of APE1 enhances the promoter occupancy, at least in the episomal state.
Discussion
Multiple functions of APE1 in DNA repair and transcriptional regulation have raised the possibility that a molecular mechanism exists in vivo which directs this protein to different functions as needed. This report provides the ®rst evidence for in vivo modi®cation, namely acetylation of APE1, and suggests that such acetylation provides the novel regulatory switch for APE1's various functions.
Once we con®rmed the cellular presence of AcAPE1, we carried out a series of in vitro studies that identi®ed the acetyl-acceptor site as Lys6 or Lys7, and p300 as the major HAT responsible for acetylation of APE1. The absence of diacetylated APE1 could be explained by the possible steric effects of acetyl groups attached to e-amino groups of successive lysine residues. It is interesting that X-ray crystallographic studies suggest an unstructured state of the N-terminal segment (encompassing 40 residues) of APE1 (Mol et al., 2000) . The N-terminal region, which is not conserved among APEs of various species, is also dispensable for its endonuclease/exonuclease activity in DNA repair (Izumi and Mitra, 1998) .
Our initial results, showing strong enhancement of nCaRE-B binding activity due to exogenous APE1 after its acetylation, indicated a role for p300 in modulating the trans-acting function of APE1. Similar effects of acetylation on the activity of other transcription factors have been observed previously. For example, acetylation of p53 by p300 and P/CAF was shown to enhance its binding to the cis element (Gu and Roeder, 1997) , and its association with coactivators leading to transcription activation (Barlev et al., 2001) . Similarly, acetylation of GATA-1 and E2F increases their af®nity for a consensus binding site and enhances their transcriptional activity (Boyes et al., 1998; Martinez-Balbas et al., 2000) . Acetylation may also affect protein±protein interaction as indicated by a tighter binding of the MDM2 oncoprotein to the acetylated retinoblastoma protein (pRB) than to the unacetylated form (Chan et al., 2001) .
The fact that AcAPE1 alone did not bind to nCaRE-B suggested a requirement for additional factor(s) with which AcAPE1 must interact in order to form a stable complex with this element. Previous af®nity chromatography studies identi®ed speci®c factors present in the nCaREs complexes. We showed that APE1 interacts with hnRNP-L in the absence of DNA, and that hnRNP-L alone could bind to nCaRE-B (Kuninger et al., 2002) . The present studies suggest that AcAPE1 is limiting in the cell for binding to nCaRE-B, so that exogenous AcAPE1 could enhance the level of the nCaRE-B complex.
The functional consequences of enhanced APE1 binding to nCaRE-B after its acetylation were tested in PTH promoter-dependent reporter expression assays. Although APE1 was implicated in repression of the PTH gene in a Ca 2+ -dependent fashion (Okazaki et al., 1994) , overexpression of both wild-type APE1 and the (K6R/K7R) mutant unexpectedly activated the PTH promoter when the 4.5 kb promoter sequence of the PTH gene containing both nCaRE-A and nCaRE-B was used. It appears that APE1 acts as an activator of some unidenti®ed transcription factors which recognize unknown cis elements, distinct from nCaREs, present in the 4.5 kb promoter segment. This possibility was supported by subsequent studies in which we used only the nCaRE-B of the PTH gene linked to a heterologous SV40 promoter. In this case, we did not observe activation of the promoter dependent on overexpression of either wild-type or mutant APE1. However, exogenous Ca 2+ signi®cantly reduced PTH promoter activity when the wild-type but not nonacetylable (K6R/K7R) mutant APE1 was overexpressed. This result strongly supports our conclusion that AcAPE1 is involved in repression of the PTH promoter. Moreover, co-expression of APE1 and wild-type but not mutant p300 strongly reduced the PTH promoter-dependent luciferase expression in both the presence and absence of Ca 2+ , consistent with enhanced binding of nuclear extracts to nCaRE-B. We have also shown that inhibition of p300 partially blocked the Ca 2+ -mediated repression of the PTH promoter. Moreover, such repression was not pronounced when we overexpressed wild-type APE1 in p300 siRNAtransfected cells. These observations support our conclusion that p300-dependent acetylation of APE1 plays a role in Ca 2+ -mediated repression of the PTH promoter. That Ca 2+ -mediated repression of PTH promoter was not completely blocked during p300 inhibition suggests that the residual HAT activity of p300 or other HATs such as CBP could also acetylate APE1 (Goodman and Smolik, 2000) .
Treatment with Ca 2+ signi®cantly increased APE1 acetylation in BHK-21 cells, which could explain the original observation that an increase in [Ca 2+ e ] enhanced the binding activity of BHK-21 cell extract for nCaRE-B (Okazaki et al., 1994) . The increased level of AcAPE1 in vivo could be due to Ca 2+ -mediated activation of p300, or inhibition of HDAC. We observed that Ca 2+ enhanced the HAT activity of p300. This HAT activity is enhanced during the S phase due to phosphorylation (Ait-Si-Ali et al., 1998), possibly by one of several kinases including Ca 2+ -dependent calmodulin (CAM) kinase IV, mitogenactivated protein kinase (MAPK) and cyclin E±cdk2, which are important in either cell cycle regulation or various signal transduction pathways (Vo and Goodman, 2001) . It is thus possible that CAM kinase IV is responsible for Ca 2+ -dependent activation of p300 HAT. In any case, this is the ®rst report that the p300 HAT activity is enhanced due to Ca 2+ -dependent modi®cation.
Interaction of APE1 with HDACs 1±3 could at least partially explain how APE1 acts as a transcriptional repressor. We have shown that acetylation is not essential for the stable binding of APE1 to HDACs. We therefore postulate that APE1 constitutively interacts with HDACs, and that the regulation occurs primarily at the level of recruitment of the APE1±HDAC complex to the promoter, which is controlled by APE1 acetylation. Although we have observed a moderate increase in the level of AcAPE1 after TSA treatment, such treatment stimulated PTH promoter activity and abolished Ca 2+ -dependent repression. This suggests that inhibition of HDACs with TSA prevents recondensation of the local chromatin containing the PTH promoter. This effect appears to be more dominant in the luciferase reporter plasmid than a moderate TSA-dependent increase in AcAPE1 level which would lead to its enhanced binding to the repressor complex. The ChIP assay provided direct evidence that APE1 and HDAC1 are bound to nCaRE-B in the episomal PTH promoter, and that acetylation of APE1 signi®cantly increases this binding. Based on these results, we propose the following model for Ca 2+ -dependent repression of the PTH gene. APE1, present partly as the APE1±HDAC complex in vivo, is unacetylated. A rise in [Ca 2+ e ] increases the HAT activity of p300, which then acetylates APE1. Acetylation stimulates association of APE1 with its partner hnRNP-L, and binding to nCaRE-B in the PTH promoter. This promoter-bound repressor complex turns off PTH transcription by deacetylating histones in the promoter region. Finally, deacetylation of AcAPE1 by HDAC in the nCaRE complex reduces APE1's af®nity for hnRNP-L (and possibly other proteins) in the nCaRE-B complex; subsequent release of APE1 from the complex leads to restoration of transcription. Thus the negative feedback regulation is mediated by the acetylation/ deacetylation cycle of APE1.
Our discovery of APE1 acetylation and the studies described here have raised the possibility that subtle posttranslational modi®cations provide a means for channeling multifunctional proteins such as APE1 to different activities and interactions, and thus acts as a regulatory switch in performing different functions. Whether this is a general mechanism for a variety of proteins remains to be determined.
Materials and methods
Cell culture, DNA transfection and luciferase assays HCT116 (p53 ±/± ) cells (a gift from B.Vogelstein) and BHK-21 cells (ATCC No. CCL-10) were transfected using LipofectAMINE 2000 (Life Technologies, Inc.) according to the manufacturer's instructions. BHK-21 cells were transfected with duplex p300 siRNA (5¢-AAC CCC UCC UCU UCA GCA CCA-3¢; Dharmacon Research, Inc.) at 5 or 10 nM per 60 mm plate using LipofectAMINE 2000. Luciferase activity, assayed as described earlier (Bhakat and Mitra, 2000) , was normalized to bgalactosidase activity expressed from a co-transfected plasmid. In some cases, where the promoter activity of b-galactosidase expression plasmid was also affected, luciferase activity was normalized with total protein in the extract.
In vitro acetylation assays
Recombinant wild-type and mutant APE1 (5 mg) were incubated with 0.2 mg of recombinant p300 (HAT domain) or with an immunoprecipitate of p300 together with 1 mCi of [ 3 H]acetyl-CoA (200 mCi/mM; NEN) in 50 ml of HAT buffer [50 mM Tris±HCl pH 8.0, 0.1 mM EDTA, 10% (v/v) glycerol, 1 mM dithiothreitol (DTT) and 10 mM Na-butyrate] at 30°C for 1 h, followed by SDS±PAGE and¯uorography (Amplify, Amersham).
In vivo acetylation of APE1 Forty hours after transfecting HCT116 cells with 1 mg of FLAG-tagged APE1 expression plasmid, the cells were incubated in McCoy 5A medium (Life Technologies, Inc.) containing 1 mCi/ml [ 3 H]Na-acetate (2±10 Ci/ mmol; NEN) for 1 h before the cells were collected for lysis. The cell extract was immunoprecipitated for 3 h at 4°C with FLAG M2 antibody cross-linked to agarose beads (Sigma). After washing the beads with cold TBS (50 mM Tris±HCl pH 7.5, 150 mM NaCl), FLAG-APE1 was eluted from the immunocomplex by gently shaking with TBS containing 300 ng/ ml FLAG peptide (Sigma) for 30 min, followed by SDS±PAGE (12% polyacrylamide) and¯uorography. AcAPE1 from cell extracts was sometimes immunoprecipitated using AcLys antibody (New England Biolabs) and p300 immunoprecipitated with N15 p300 antibody (Santa Cruz Biotechnology).
Identi®cation of acetyllysine residues
Two peptides corresponding to amino acid residues 1±20 and 11±40 of APE1 were chemically synthesized and HPLC-puri®ed, and then acetylated at 30°C for 1 h with immunoprecipitated p300 in the acetylation buffer containing 2 mM acetyl-CoA. After desalting, the peptides were analyzed by MALDI-TOF (Applied Biosystems) or by Edman degradation. AcLys residues were identi®ed as PTH-AcLys, which eluted immediately before PTH-Ala.
Electrophoretic mobility shift assay
The oligonucleotides encompassing the PTH nCaRE-B (the palindromic core sequence is underlined), 5¢-TTTTTGAGACAGGGTCTCACTCTG-3¢, were used for EMSA with 10 mg of nuclear extract .
In vitro acetylation assay using p300 immunoprecipitate BHK-21 cells were grown in S-MEM (Life Technologies), treated with 2 mM CaCl 2 for various times and then lysed in lysis buffer (50 mM Tris± HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM NaF, 1 mM Na-orthovanadate, 10 mM Na-butyrate and protease inhibitor mixture). The lysate were immunoprecipitated with p300 antibody (5 mg/ ml) for 2±3 h at 4°C. The immunocomplexes were collected by adding 40 ml of protein A±agarose beads at 4°C for 1 h, which were pelleted by centrifugation and washed three times with cold phosphate-buffered saline (PBS), and then once with HAT buffer. A standard HAT assay was performed containing 5 mg of puri®ed histones or APE1 as the substrate at 30°C for 1 h, followed by SDS±PAGE and¯uorography.
Chromatin immunoprecipitation (ChIP) assay Immunoprecipitation of chromatin was performed as described earlier, with some modi®cations (Bhakat and Mitra, 2000) . BHK-21 cells were co-transfected with PTH promoter reporter plasmid and FLAG-tagged APE1, FLAG-tagged APE1 and p300, or FLAG-tagged HDAC1. After incubation for 24 h in Ca 2+ -free medium followed by 4 h incubation in the medium containing 2 mM in Ca 2+ , or 8 h incubation in the medium containing 100 ng/ml TSA, cells were incubated in 1% formaldehyde at 37°C for 10 min to allow reversible cross-linking of proteins including histones to DNA. The cells were harvested and lysed in 0.5 ml of lysis buffer (150 mM Tris±HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) and the lysate was incubated overnight at 4°C with 80 ml of agarose-conjugated FLAG M2 antibody. The beads were collected by centrifugation, washed three times with TBS then once with TBS buffer containing 500 mM NaCl. Finally the beads were washed with TE, and the complexes eluted with two 250 ml aliquots of elution buffer (1% SDS, 0.1 M NaHCO 3 ) at room temperature. After reversal of cross-links and DNA extraction from the immunocomplex, the PTH promoter containing the nCaRE-B element was ampli®ed by real-time PCR in an Applied Biosystems cycler ABI7000 and TaqMan MGB probe (FAMÔ dyelabeled) for quantitating the human PTH promoter sequences. The primers and probe sequences used were as follows: 5¢ primer (5¢-TGTATCTTATGGTACTGTAACTG-3¢) corresponding to PGL2 basic vector, and 3¢ primer (5¢-TTGACCTTCCCCACAAAGCAGTAAT-3¢) corresponding to the PTH promoter, and probe ACCCGGAGG-TACCTAT (assays-by-design SM ; P/N 4331348). Real-time PCR was performed with the same volume of DNA in duplicate using TaqMan universal PCR master mix reagent kit (P/N 4304437). The cycling parameters were: Amplitaq activation at 95°C for 10 min, denaturation at 95°C for 15 s and annealing/extension at 60°C for 1 min (repeated 40 times). The results of the real-time PCR assay for each sample were reported as pg/unit volume, using an absolute standard curve (0.001, 0.01. 0.1, 1, 10, 100 and 1000 pg of PTH-luc plasmid standards; Applied Biosystems). Linearity was observed over the concentration range 0.001 pg to 1 ng of PTH-luc plasmid.
Proteins
The wild-type and mutant APE1s were puri®ed as described (Izumi et al., 1999) . FLAG-tagged p300 (HAT domain) expressed from recombinant baculovirus was puri®ed from virus-infected Sf9 cells using FLAG antibody af®nity matrix according to the manufacturer's instructions (Sigma). Recombinant APE1 (0.5 mg) was acetylated with the p300 HAT domain, and the acetylated protein was eluted from a Mono-S column at 280 mM NaCl. The identity of AcAPE1 was con®rmed by sequencing and western analysis with anti-AcLys antibody.
Plasmids
Wild-type APE1 was cloned into the mammalian expression plasmid pcDNA 3.1 Zeo (Invitrogen Corp.) by PCR. The K7R, K6R/K7R and K6L/ K7L mutants of APE1 were also generated by PCR and cloned into an Escherichia coli expression plasmid. The expression plasmid pCMVp300, p300 HAT mutant, Flag-p300 HAT domain in the baculovorus expression system and FLAG-tagged HDACs 1±6 were used in this study. The 4.5 kb sequence upstream of the PTH promoter was generated by PCR and then cloned into pGL2 basic vector (Promega). A 400 bp promoter region of the PTH gene containing the nCaRE-B element was generated by PCR. The identity of all recombinant DNAs generated by PCR was con®rmed by sequencing.
